The density and biomass of planktonic ciliates significantly differed between sample sites in a deep, mesotrophic lake, with the lowest numbers in the hypolimnion and the highest in the epilimnion. The community composition varied greatly with depth. Oligotrichs dominated in the epilimnion, where prostomatids and peritrichs were also important components of the community. The density of oligotrichs and peritrichs decreased in the metalimnion, and they were absent from the hypolimnion. In the deep metalimnion the most abundant groups were prostomatids, haptorids and scuticociliates. In the hypolimnion, the ciliate community was dominated by scuticociliates and heterotrichs. In the epilimnion and metalimnion a significant positive correlation was observed between ciliate numbers, chlorophyll a and heterotrophic flagellate density. In all three zones the number of ciliates was most strongly correlated with water temperature, concentrations of total organic carbon (TOC), total phosphorus (P tot ) and bacterial density, whilst in the hypolimnion there was a significant correlation between ciliate numbers and the dissolved oxygen concentration.
INTRODUCTION
Protozoans, representing the main component of zooplankton, play a significant role in freshwater lake ecosystems (Fenchel 1987) . Ciliates play a significant role in energy transfer and nutrient remineralization in aquatic environments (Cleven & Weisse 2001) . They are grazers of autotrophic and heterotrophic pico-and nanoplankton, and prey for micrometazoans. Rapid growth, high turnover rates and short generation times allow protozoan communities to respond quickly to changing environmental conditions, thus many protozoan species can be highly valuable bioindicators in water quality analyses (Berger et al. 1997) . Protozoans (ciliates and flagellates) and bacteria are components of the "microbial loop", which is a distinct and important element of the trophic food web in aquatic ecosystems (Azam et al. 1983 ).
According to Porter et al. (1988) , the importance of the microbial loop is greater in oligo-than eutrophic lakes, although, Weisse et al. (1990) demonstrated that almost 50% of carbon passed through the microbial loop in a meso-eutrophic lake. The number of papers on freshwater ciliates has increased recently (e.g. Pace 1982; Macek et al. 1996; Weisse & Müller 1998; Kalinowska 2000 Kalinowska , 2004 Mieczan 2007) . In both freshwater and marine ecosystems significant vertical gradients of protozoan diversity exist, these apparently being influenced by the distribution of their prey, and physical and chemical variables (Ventelä et al. 1998 , Thouvenot et al. 1999 , Jacquet et al. 2005 . Several investigators suggest that ciliate abundance and biomass reach maximum values in the epi-and metalimnion, with the lowest in the hypolimnion. In the epilimnion the oligotrich Strombidium viride frequently occurs, whilst in the meta-and hypolimnion the oligotrichs are gradually replaced by scuticociliates (Beaver & Crisman 1990 , Zingel 2005 . Zingel & Ott (2000) observed a positive significant correlation between ciliate numbers and chlorophyll a and bacterial densities in eight strongly stratified temperate lakes (Southern Estonia). Only in the hypolimnion was the correlation between ciliate numbers and chlorophyll a not significant. In Polish limnological studies only a few publications have reported the vertical distribution of planktonic ciliates in stratified lakes. Vertical variation in bacterioplankton, heterotrophic flagellates, ciliates, and phytoplankton were studied during the summer stratification of water in a eutrophic lake, Lake Góreckie in the Wielkopolska National Park, western Poland (Szeląg-Wasilewska & Fyda 2006) . In that study the major contributors to ciliate abundance and biomass in the epi-and metalimnion were members of the Prostomatida and Oligotrichida, although the Peritrichida were also important in the metalimnion. In the hypolimnion, the Scuticociliatida dominated. Another publication dealing with planktonic ciliates presented the major components of the microbial loop in lakes in Masurian Lakeland (Kalinowska 2004) . That study showed that in a stratified mesotrophic lake the protozoan community was numerically dominated by bacterivorous Peritrichida living on the Cyanobacteria and algae.
The aim of the present study was to describe the vertical distribution of planktonic ciliates in a deep, mesotrophic Lake Piaseczno, and to assess the impacts of environmental factors on their distribution.
MATERIALS AND METHODS
Samples were collected from sites in the mesotrophic Lake Piaseczno (area 84.7 ha, max. depth 38.8 m, Łęczna-Włodawa Lakeland, Eastern Poland). In summer this lake is characterised by low concentrations of total phosphorous (P tot, 33 μg dm -3 ) and chlorophyll a (9 μg dm -3 ). Between July and September 2005 and 2006 samples were collected with a 5-litre Bernatowicz sampler, at one metre intervals in the epi-, meta-and hypolimnion of the deepest part of the lake. The bacterial abundance and biomass were determined by means of DAPI (4´6-diamidino-2-phenylindole)-staining and epifluorescence microscopy, according to the method of Porter and Feig (1980) . 10 cm 3 of water was preserved with formaldehyde to a final concentration of 2% and kept in the dark at 4°C. Four slides were made from each sample in which subsamples of 2 cm 3 were filtered on 0.2 µm pore size polycarbonate filters that were stained with irgalan black. The bacteria were counted in 250 randomly chosen fields of view.
Flagellate abundance and biomass were determined according to the method of Caron (1983) . 10 cm 3 of water was preserved with formalin in dark bottles, to a final concentration of 2%, and kept in darkness at 4°C. Samples of 10 cm 3 were filtered on black polycarbonate filters (1.0 µm-pore-size). The flagellates were counted from 150-200 randomly chosen fields of view. Four slides were made from each sample.
In order to determine the density and biomass of ciliates samples were fixed with Lugol's solution (0.2% final concentration). Densities of ciliates were determined using the settling chamber technique on an inverted microscope. 50 ml of sample was sedimentated for at least 24 h, and half of the bottom of the chamber was counted at 300× magnification. Four slides were prepared from each sample and examined. The abundance and biomass values reported in this paper are the mean values of the four slides for each sample. Ciliates are highly perishable, and their motility is a species-specific feature, so species determination and measurements were carried out on live material immediately on return to the laboratory, following silver impregnation (Augustin et al. 1984) . The stained ciliates had suffered obvious shrinkage following the impregnation, so calculated cell volumes were multiplied by a correcting factor of 0.4 (Jerome et al. 1993) . Taxonomic identification was primarily based on the key in Foissner & Berger (1996) . Biovolumes of each community were estimated assuming geometric shapes and converting to carbon using the following conversion factor: heterotrophic bacteria: 1 µm 3 = 5.6 × 10 -7 mgC; flagellates: 1 µm 3 = 2.2 × 10 -7 mgC; ciliates: 1 µm 3 = 1.1 × 10 -7 mgC (Gilbert et al. 1998 ). Water samples for physical and chemical analyses were collected simultaneously with ciliate samples once a month. Direct water measurements comprised transparency, by means of a Secchi disc, and temperature, pH, dissolved oxygen and conductivity using a JENWAY 3405 electrode. Total organic carbon (TOC) was determined using the PASTEL UV and concentrations of chlorophyll a and P tot were analysed in the laboratory (Hermanowicz et al. 1976) .
All data collected were analysed statistically by means of GLM and CORR procedures of SAS Programme. One-way ANOVAs were run on abundance and biomass data to separately assess the protozoan variability resulting from zonation. Statistical analyses included Pearsons correlation coefficient and Canonical Correspondence Analysis (CCA).
RESULTS

Vertical distribution of selected physical and chemical factors
Statistically significant differences were seen in water temperature, dissolved oxygen concentration, chlorophyll a concentration, conductivity and TOC (p = 0.0112 -0.0201) between the epi-, meta-and hypolimnions. Total phosphorus and pH were not statistically significantly different between the epi-, meta-and hypolimnion (p > 0.05). The transparency of water (SD) was between 8 and 9 m over the whole experimental period. At 0 -5 m depth the water temperature was generally 20 -24°C. A thermocline was observed from 5 to 9 m depth, with the highest concentration of O 2 being found in this layer (9 -9.8 mgO 2 dm -3 ). The concentrations of dissolved oxygen at the bottom decreased to 4.2 mgO 2 dm -3 . Chlorophyll a concentrations were highest in the epilimnion (> 9 µg dm -3 ), and lowest in the hypolimnion, where they did not exceed 3 µg dm -3 . Conductivity decreased with depth, and ranged from 180 µS cm -1 to 230 µS cm -1 . The concentrations of TOC were significantly highest in the epilimnion zone (5 mgC dm -3 ) and decreased towards the hypolimnion. Concentrations of P tot were generally low, and ranged from 33.2 µg dm -3 in the epilimnion to 31.2 and 31.4 µg dm -3 in the meta-and hypolimnion, respectively (Table 1) .
Species richness, abundance and biomass
The highest mean bacterial numbers and biomass were recorded in the metalimnion (9.6 × 10 6 cell ml -1 and 86 µgC l -1 , respectively), with lower values characteristic in the hypolimnion (7.6 × 10 6 cell ml -1 and 66 µgC l -1 , respectively). The epilimnion was characterized by the lowest numbers and biomass of bacteria (6.8 × 10 6 cell ml -1 and 52 µgC l -1 , respectively) ( Fig. 1 A,  B) .
Heterotrophic nanoflagellates (HNF) were concentrated in the surface layer, their numbers ranging from 7.2 × 10 6 cell ml -1 to 8.1 × 10 6 cell ml -1 . The lowest density of HNF was noted in the hypolimnion, at 3.0 × 10 6 cell ml -1 . The highest biomass of nanoflagellates (8.4 µgC ml -1 ) was seen in the epilimnion, with slightly lower values recorded in the meta-and hypolimnion (6.1 µgC ml -1 and 2.9 µgC ml -1 , respectively) ( Fig. 1 C, D) . The abundance and biomass of bacteria and HNF showed statistically significant differences between the investigated zones (p = 0.0128 -0.0015).
A total of twenty five ciliate species were identified in Lake Piaseczno, with the observed numbers of ciliate taxa being significantly correlated with the different vertical zones (p = 0.0011). The highest richness was found in the epilimnion (22 species), and the lowest (8 species) in the hypolimnion ( Table  2 ). The planktonic ciliate abundances were also significantly related to depth, with the lowest numbers in the hypolimnion (6 ind. ml -1 ) and the highest in the epilimnion (21 ind. ml -1 ) (p = 0.0201, Fig. 1 E) . Ciliate biomass, corresponding with abundances, was significantly higher in the epilimnion (73 µgC ml -1 ) than in hypolimnion (34 µgC ml -1 ) (p = 0.0101, Fig. 1 F) . Genera of the Oligotrichida were the dominant components of ciliate plankton both in numbers and biomass throughout the sampling period, comprising 35% to 53% of ciliate numbers. Second in importance were the Scuticociliatida (9% -43%) and then the Haptorida (6% -17%, Fig. 2 ). The community composition varied greatly with depth. Oligotrichs dominated in the epilimnion, this group composed of Strombidium viride Stein, Codonella cratera Leidy, Halteria gradinella Mueller and Strombilidium species. Prostomatids (Coleps hirtus Mueller and Coleps spetai Foissner) and peritrichs (Vorticella sp.) were also important in the epilimnion. The numbers of oligotrichs and peritrichs decreased in the metalimnion and they were absent in the hypolimnion.
Table 2
The major planktonic ciliate taxa found in Lake Piaseczno, (Fig. 2) . The ciliate community was characterised by the predominance of small cells. Ciliates in the meta-and hypolimnion were smaller (< 40 µm) than in epilimnion (size range of 40 -80 µm). The relative importance of taxa with a size larger than 80 µm was low and they were homogeneously distributed throughout the water column.
Relationship to environmental conditions
Certain physical, chemical and biological properties of water have a clear effect on the community structure of microorganisms (CCA -Canonical Correspondent Analysis). The first four axes of the species -environment CCA accounted for 84% of the variance in ciliate species and the nine environmental variables. The first axis (36% of the variation) was associated with concentrations of chlorophyll a. The second axis accounted for a further 28% of variance and was related to bacteria and concentrations of P tot (Fig. 3) . In the epilimnion and metalimnion positive significant correlations were seen between ciliate numbers and chlorophyll a and heterotrophic flagellate density. Only in the hypolimnion were the correlations between ciliates numbers, chlorophyll a and HNF not significant. In the epi-, meta-and hypolimnion ciliate numbers had the strongest correlation with water temperature (r = 0.41-0.46, p < 0.05), concentrations of TOC (r = 0.52-0.62, p < 0.01), P tot (r = 0.40-0.41, p < 0.05) and bacterial density (r = 0.44, p < 0.05 and r = 0.69, p < 0.01). Further, in the hypolimnion there was a significant correlation between ciliate numbers and the dissolved oxygen concentration (r = 0.53, p < 0.01) ( Table 3) . Chl. a µg dm 
DISCUSSION
The factors that regulate planktonic protozoan populations include the quality and quantity of available food, suitable habitats, temperature and predation, although food resources are arguably the most important (Pace 1982 , Biyu 2000 . There is a close relationship between the abundance of planktonic ciliates and the trophic state of a lake, as measured by concentrations of chlorophyll a and total phosphorus. The mean ciliate abundances reported here are approximately within the mesotrophic range as reported in the literature (Pace 1982) . The epilimnion, with higher chlorophyll a values than the metaand hypolimnion had concurrent higher ciliate abundance and biomass values. Temperature is a significant factor influencing ciliate succession. According to Beaver and Crisman (1990) , the growth and reproduction of freshwater ciliates are strongly correlated with temperature. Research by Finlay (1980) has previously shown that the water temperature has a significant influence on the occurrence of groups of ciliates in fertile reservoirs. The results presented here also show that temperature influenced the number of ciliates, which were significantly higher in the epilimnion than in the other zones. These results also indicate that the distribution of ciliated protozoa in the water column is strongly determined by the distribution of nutritive resources. The higher numbers of ciliates in the epilimnion were most likely a consequence of the high density of heterotrophic flagellates there. Many authors (e.g. Porter et al. 1988 , Carrias et al. 1998 , Cleven & Weisse 2001 have shown positive correlations between the total numbers of planktonic ciliates and the abundance of heterotrophic nanoflagellates. Šimek et al. (1998) reported that flagellates control bacterial populations and are themselves food for many ciliates. Algivorous ciliates (e.g. Strombidium sp.) were prevalent in the epilimnion, whilst the abundance of oligotrichs decreased with depth and they were absent in the deeper layers of the hypolimnion. In Lake Piaseczno, the high concentrations of chlorophyll a and TOC seen in the epilimnion probably constitute an important food source and hence help determine the proliferation of Oligotrichida. Their numbers were dominated by large-sized taxa including both heterotrophic and mixotrophic species that feed mainly on nanoplanktonic algae. Oligotrichs are often reported as relatively common components of lacustrine protozooplankton, especially in the epilimnion (Zingel & Ott 2000 , Zingel 2005 ). The vertical distribution reported here is similar to that observed by Műller et al. (1991) in Lake Constance in Germany, and that seen in Esch-sur-Sure reservoir in Luxemburg (Jacquet et al. 2005) . The abundance of haptorids, most of which are known as predators, was highest in the epilimnion. This observation accords with the previously reported opinion that predatory species are associated with the surface because they require abundant and highly diversified food for their development (Zingel & Ott 2000) . The bacterivorous Scuticociliatida were most abundant in the intermediate and deep layers, in harmony with bacterial densities in the hypolimnion, and probably also resulting from their tolerance to low oxygen concentrations. It is suggested that scuticociliates are more effective grazers at lower temperatures (Schőnberger 1994 , Simek et al. 1998 , Jacquet et al. 2005 , which may be a further reason for their dominance in the deeper layers. In the meta-and hypolimnion, the abundance of metazooplankton that potentially prey on small-sized ciliates, tends to decrease with depth (Műller et al. 1991 , Zingel 2005 , which may explain the high abundance of scuticociliates in the deeper layers. It has also been suggested that scuticociliates tend to concentrate in the oxycline and hypolimnion. The low densities of ciliates observed in the hypolimnion coincided with low dissolved oxygen concentrations. Nevertheless, some genera of ciliates (Cinetochilum, Coleps) are less sensitive to variations in dissolved oxygen concentration and have been recorded over the entire water column. Prostomatids are known to contain symbiotic algae and it has been suggested that these ciliates could be benefiting from oxygen supplied by the algal symbionts, enabling them to cope with a lowoxygen environment (Esteve et al. 1989) . Peritrichida (Vorticella) are commonly observed in the plankton of mesotrophic and eutrophic lakes (Beaver & Crisman 1989 , Arndt et al. 1993 , Carrias et al. 1998 , Mieczan 2007 , where they primarily feed on bacteria.
In conclusion, this study shows clear distribution patterns of planktonic ciliates related to water depth. In the epilimnion the ciliate community was dominated by oligotrichs, but small algivorous prostomatids, peritrichs and predatory haptorids were also numerous. Abundance of these groups decreased in the metalimnion. In the hypolimnion, the community of ciliates was dominated by scuticociliates and prostomatids, and species of benthic migrants (Caenomorpha spp.) appeared. The results of this study suggest that the quality and quantity of available food, temperature, dissolved oxygen and TOC are more important than concentrations of P tot in limiting the vertical distribution of planktonic ciliates.
